This work highlights the development of a green extraction technology for botanicals with the use of microwave energy. Taking into consideration the extensive time involved in conventional extraction methods, coupled with usage of large volumes of organic solvent and energy resources, an ecofriendly green method that can overcome the above problems has been developed. The work compares the effect of sample pretreatment with untreated sample for improved yield of oleanolic acid from Gymnema sylvestre leaves. The pretreated sample with water produced 0.71% w/w oleanolic acid in one extraction cycle with 500 W microwave power, 25 mL methanol and only an 8 min extraction time. On the other hand, a conventional heat reflux extraction for 6 hours could produce only 0.62% w/w oleanolic acid. The detailed mechanism of extraction has been studied through scanning electron micrographs. The environmental impact of the proposed green method has also been evaluated.
Oleanolic acid, the best known bioactive pentacyclic triterpenoid, exists widely in medicinal herbs and plants in the form of the free acid or as a component of triterpenoid saponins. These compounds are a promising group of molecules due to their high medicinal value [1] . A variety of novel pharmacological effects produced by these triterpenoids have been reported [1] . Oleanolic acid is well known for its hepatoprotective effects for both acute chemically-induced liver injury and chronic liver fibrosis and cirrhosis [2] . Oleanolic acid has been shown to act at various stages of tumor development to inhibit tumor initiation and promotion, as well as to induce tumor cell differentiation and apoptosis [3] . Moreover, oleanolic acid has also shown a beneficial effect on cardiovascular systems and reported to possess immuno-modulatory effects [4] . Consequently, it is important that effective methods for extracting these naturally occurring bioactive triterpenoids be developed.
Extraction is the crucial first step in the analysis of herbs, because it is necessary to extract the desired chemical components from the herbal materials for further separation and characterization. Thus, the development of modern extraction techniques with significant advantages over conventional methods (for example, reduction in organic solvent consumption, energy saving, ecofriendly, and less degradation, improvement in extraction efficiency, selectivity, and/or kinetics, ease of automation) for the extraction and analysis of medicinal plants is likely to play an important role in the overall effort of ensuring and providing high quality herbal products to consumers worldwide. Nevertheless, extraction of oleanolic acid directly from plants is still more widely practiced by solid-liquid extraction through conventional Soxhlet and heat reflux extraction [5] . Other techniques, which include supercritical carbon dioxide extraction, subcritical water extraction, ultrasonic assisted extraction (UAE), and microwave assisted extraction (MAE), have also become of interest as alternatives for the conventional methods [6] . Among these, MAE is the simplest, fastest and the most economical technique for extraction of many plant derived compounds [7] . The selection of an extraction method would mainly depend on the advantages and disadvantages of the processes, such as extraction yield, complexity, production cost, environmental friendliness and safety. In general, maceration and heat reflux extraction are the most frequently used extraction procedures. The drawbacks of maceration and heat reflux extraction are the large amount of solvent and long extraction time needed. Considering the expensive solvent consumption and the long extraction period, these extraction methods are not favorable from a commercial perspective. MAE is a relatively new method, which has received increasing attention as an alternative method. The principle of heating during MAE is based on the direct effect of microwaves on molecules by ionic conduction and dipole rotation. Ionic conduction is the electrophoretic migration of ions when an electromagnetic field is applied. The resistance of the solution to this flow of ions will result in friction and, therefore, heat the solution. Dipole rotation means realignment with the applied field. At 2.45 GHz, which is the frequency used in commercial systems, the dipoles align, randomize and jostle 4.9 × 10 9 times per second and this results in heating [7] . Based on that mechanism, either polar samples or polar extraction solvents are required for efficient heating. However, compared with the conventional extraction methods, the MAE method showed prominent advantages with a strong penetration force, high extraction efficiency, reduced extraction time, and less exposure to organic solvents, which can lead to better products with lower cost [6] . Although many reports have been published on application of microwave heating for extraction of organic compounds from environmental matrices, microwave has only recently been applied to extraction of plant materials [8] [9] [10] .
In the present study, MAE of oleanolic acid from pretreated Gymnema sylvestre leaves was carried out in which the biological activity of the extract, as well as the amount of oleanolic acid (target analyte) in the extract were evaluated. Firstly, the effects of microwave power and extraction time were optimized and their effect on the pretreated sample matrix was determined. A unique synergistic heating model was used in which the sample matrix and the surrounding solvent were heated simultaneously, thus facilitating the mass transfer process leading to better extraction efficiency. The extraction efficiency obtained with MAE was then compared with that from conventional methods, such as maceration, stirring extraction and heat reflux extraction. The data are represented as percent w/w extraction of oleanolic acid. In all the conventional extraction approaches studied in this work, methanol was used as the extracting solvent. Fig.1 highlights the typical yield power plots for the extraction of oleanolic acid. In general, it was observed that there was significant improvement in extraction yield with increase in microwave power between 200 W and 500 W. A sharp increase in extraction yield was obtained between 300 W microwave power and 500 W microwave power with the increase in extraction time. However, there was no significant increase in extraction yield at higher power levels between 500 W and 600 W for any extraction time.
The accelerated extraction of oleanolic acid by increasing microwave power can be correlated to the direct effects of microwave energy on phytomolecules by ionic conduction and dipole rotation, which result in power dissipated in a volumetric fashion inside the solvent and plant material and then generate molecular movement and heating. More electromagnetic energy was transferred to the extraction system quickly and improved the extraction efficiency when the microwave power increased from 300 W to 500 W. A similar explanation was also given to support the effect of microwave power on the MAE of flavonoids from Saussurea medusa Maxim cultured cells [8] . At higher power levels, solvent temperature increases drastically with rapid loss in extraction solvent due to evaporation. Latha et al. [11] suggested that at higher power levels there occurs a rapid transfer of electromagnetic energy to the system resulting in sudden cell rupture, which exposes the target analyte to the outside hot extraction solvent and effect of microwaves, resulting in thermal degradation. This is quite evident from the decrease in extraction yield between microwave power levels of 500 W and 600 W for 6 min. Based on the above observation, 500 W microwave power was considered to be optimum. The duration of microwave radiation of 6, 8, 10, 12 and 14 min at 500 W microwave power on the extraction yield of oleanolic acid were studied ( Figure 2) . Two phases were observed in the process of microwave extraction. The first phase (P I) is represented by a short rise in extraction between 2 min and 4 min, which characterizes the first quantities extracted, located at the surface of the vegetable particles, representing approximately 19% of the yield obtained in 8 min. This is followed by the second phase (P II), characterized by the sharp rise in extraction yield between 4 min to 8 min representing the internal diffusion of the target analyte from the midst of the particles towards the external medium involved by the internal warming of the natural moisture located in the plant cells. In this stage the target analyte (oleanolic acid) extracted represents nearly 64% of the final yield. MAE reached the highest extraction yield of 0.56% w/w with an irradiation time of 8 min. However, further increases in irradiation time resulted in slight decrease in extraction yield, which can be due to excess thermal stress induced by over exposure to microwaves. Similar observations were also made in MAE of artemisinin [12] and Salvia miltiorrhiza [13] . Since no significant difference in extraction yield was obtained between 8 min and 10 min extraction time, the former was considered optimum for maximum extraction. Figure 3 represents the effect of matrix pretreatment with suitable modifier (water). The dielectric properties of the matrix were modified in a controlled fashion by the addition of a strongly microwave absorbing substance (water) that does not alter the quality of the extract and that does not lead to supplementary steps in the recovery of the extract. Water was selected for matrix pretreatment because it has the highest microwave energy absorbing capacity, and thus it was anticipated that moistened sample may bring about effective and targeted heating of the sample matrix. Fig. 3 is a graphical representation of the differences in the extraction performance in terms of yield of oleanolic acid, both in the presence and absence of suitable modifier.
The difference in percentage extraction of oleanolic acid (w/w) was found to be statistically significant (Student's t test, p < 0.001). Pretreatment of the powdered sample with water allows heating of the extraction system to proceed by at least two synergistic mechanisms: (a) direct heating from the interaction of microwaves with methanol (the main extracting solvent), which has a good dissipation factor (tan δ = 0.5555) and (b) from the diffusion of excess heat resulting from the interaction of the microwaves with the pretreated sample. Thus, microwave energy absorbed by the plant material generates a sudden increase in temperature inside the cells. The higher temperature attained by the cell wall during MAE causes dehydration of cellulose and reduces its mechanical strength, which allows the solvent to gain easy entry into the cells and solubilize the target analyte in a much shorter time [11] . This assumption can be further supported by the fact that when modifier was used there was a sharp rise in phase II (P II) of the extraction kinetics, which represents the internal diffusion of the target analyte from the midst of the particles towards the external solvent due to the internal warming of the natural moisture and the loaded moisture (due to pretreatment) present in the plant cells. However, to strengthen the above assumption even further the Gymnema leaf samples were examined by scanning electron microscopy. Figs 4A, 4B , 5A, 5B, 6A, 6B represent the micrographs of the untreated sample, heat-reflux extraction sample and microwave treated sample, respectively, both at the surface and cellular levels. The changes observed for heat reflux extraction were not considerably different from those of untreated samples, and only a few slight ruptures took place on the surface of the sample, accompanied by slight widening of the cellular channels. However, the surface of the sample was greatly damaged after MAE, followed by massive widening or opening up of the cellular pores. This observation suggests that microwave treatment affects the structure of the cells due to the sudden temperature rise and the internal pressure increase. This mechanism of MAE based on exposing the analytes to the solvent through cell rupture is different from that of heat reflux extraction that depends on a series of permeation and solubilization processes to bring the analytes out of the matrix. extraction, whereas the third successive extraction did not produce any oleanolic acid. However, the situation was completely different in the case of samples pretreated with water (with modifier). Since sample pretreatment offered better targeted and selective heating of the sample matrix, exhaustive extraction was achieved in one extraction cycle.
To determine the reproducibility of the novel extraction method, five samples of the same weight (1 g) were processed under the optimum extraction conditions obtained from the systematic study of different extraction parameters. The mean percentage extraction of oleanolic acid (w/w) obtained under the optimized conditions was 0.71, which was 14.6% more efficient than 6 h of conventional heat reflux extraction. The calculated R.S.D. value was 3.5%, which shows that the proposed microwave extraction method has an acceptable precision. The repeatability of the chromatographic process was also considered. One g samples were processed under the optimal MAE conditions and the samples were analyzed five times using the same chromatographic conditions. The R.S.D. of the chromatographic analysis was 0.82%. If the yield obtained from MAE was considered to be 100% extraction, then 6 h of conventional heat reflux extraction, 24 h of maceration, and stirring extraction reached 87.3%, 26.8% and 32.4% extraction performance, respectively ( Table 1 ).
The energy required to perform the two extractions was 1.8 kWh for heat reflux extraction and 0.06667 kWh for MAE. The power consumption was measured with a wattmeter at the microwave generator entrance and the electrical heater power supply. With regard to environmental impact, the quantity of carbon dioxide released to the atmosphere was 1440 g CO 2 g -1 extract for heat reflux extraction (calculated on the basis that obtaining 1 kW h energy from coal or fuel will release 800 g CO 2 to the atmosphere during combustion of fossil fuel [14] ). This is alarmingly more than the 53.336 g CO 2 g -1 extract for MAE.
Comparison with conventional extraction methods revealed that MAE could save a lot of time and electrical energy. Besides, the quantity of solvent consumed in MAE was the least, a feature that is environmentally friendly and which would save greatly on production cost.
Experimental
Plant materials: Dried leaves of Gymnema sylvestre R Br. were provided as a gift from the herbal exporter Ishan Herbotech International (Noida, India) and were used as received, without any pretreatment. A voucher specimen (JU/Pcog/11/2008) was deposited in the herbarium of Department of Pharmaceutical Technology, Jadavpur University. Leaves were ground in a mill and passed through sieve 60 to obtain a homogenous leaf powder.
Reagents: All solvents were from S.d Fine Chemicals (Mumbai, India) and those used for HPLC were of HPLC grade. For sample and solvent filtration, 0.45 μm membrane filters (Millipore, Germany) were used, and solvents were degassed prior to use. Standard oleanolic acid (> 97%) was purchased from Sigma (St. Louis, MO, USA).
Apparatus:
The extraction system comprised of a microwave extractor (CATA R) manufactured by Catalyst Systems (Pune, India) equipped with a magnetron of 2450 MHz with a nominal maximum power of 700 W, a reflux unit, 10 power levels, time controller, temperature sensor, exhaust system, beam reflector and a stirring device. A Camag (Switzerland) HPTLC system was used for quantification of oleanolic acid.
Sample preparation by conventional extraction techniques:
Three conventional extraction techniques were used for comparison with MAE. Heat-reflux extraction was considered as the standard extraction technique. Samples (1 g) of powdered leaf were extracted with 100 mL methanol by heat reflux extraction for 6 h at 95 ºC. After extraction, the contents were centrifuged (3520 × g) and the supernatant evaporated to dryness under reduced pressure. The dried residue was dissolved in 2 mL methanol and then subjected to HPTLC analysis. Maceration was carried out in a closed conical flask for 24 h. Extraction by stirring was by continuous stirring for 24 h with the help of a magnetic stirrer in a closed conical flask. In both cases, 1 g powdered leaf was used and 100 mL methanol as the extracting solvent. Heat was not applied in either case. The suspension, after maceration/stirring, was centrifuged and the supernatant evaporated under reduced pressure; the residue was dissolved in methanol for HPTLC analysis, as described earlier.
Microwave assisted extraction (MAE):
For MAE, 1 g of homogenous leaf powder was mixed with 25 mL methanol. After allowing a preleaching time of 5 min, the suspension was irradiated with microwaves under different experimental conditions. The sample was treated by microwave irradiation in an intermittent way (irradiation:cooling:irradiation). The irradiation time was 1 min, followed by 1 min for cooling the sample solution before the second irradiation. After extraction, the samples were centrifuged at 4000 rpm (3520 × g) and dissolved in methanol, before injecting into the chromatographic system. Pretreatment of the sample matrix was carried out by adding 4 mL water to the sample matrix. Ten min was allowed for the complete absorption of water by the sample matrix with thorough mixing. The rest of the procedure was as described earlier. plates were sprayed with anisaldehyde reagent (0.5 mL anisaldehyde, 1 mL H 2 SO 4 and 50 mL acetic acid) and heated at 105°C for 5 min. which gave well resolved spots at R f 0.27 (pink color-visible light). The pink color developed was quantified using a Camag TLC scanner with CATS 4 software at 490 nm. Stock solutions of oleanolic were prepared by dissolving 0.0200 g in 100 mL of methanol (final concentration: 200µg/mL). Standard solutions of 20 µg/mL, 40 µg/mL, 80 µg/mL, 120 µg/mL and 160 µg/mL were prepared by dilution of the stock solution with methanol.
Scanning electron micrographs:
Samples from various extraction methods were used to take scanning electron micrographs. After removing the solvent, the remaining Gymnema leaf samples were plunged into liquid nitrogen and then cut with a cold knife. The sectioned particles were fixed on a specimen holder with aluminum tape and then sputtered with platinum. All the specimens were examined with a JEOL JSM-6700F scanning electron microscopy under high vacuum condition and at an accelerating voltage of 5.0 kV (10 μm, 1500 × magnification and 30000 × magnification).
Statistical analysis:
The one way ANOVA test was used to calculate the significance of the differences of the yield of oleanolic acid. The results of HPLC analysis were expressed as means of yield ± S.D., and the means were compared using Student's t test. The p values < 0.05 are considered significant.
